ABSTRACT The dietary effect of fructooligosaccharide (FOS) supplementation as an alternative to antibiotics on ileal mucosa and digesta microbiota was investigated in broiler chickens (n = 180). The study included three dietary treatments from d1 to 21: 1) positive control (PC), a wheat-corn-soybean meal based diet containing antibiotics (virginiamycin and monensin); 2) negative control (NC), as wheat-corn-soybean meal based diet without antibiotics; and 3) NC + FOS, as NC diet supplemented 0.5% of FOS. Ileal mucosa and digesta were collected and subjected to 16S rRNA-based next generation sequencing. No significant difference on α-, ß-diversity and bacterial phyla was observed between ileal mucosa and digesta or between the three dietary treatments. Partial least square discriminant analysis and Venn analysis showed that different bacterial genera were associated with different ileal sites or diets. A distinct distance on ileal mucosa bacteria communities were observed between PC and NC + FOS dietary treatments. FOS supplementation increased the number of unique genera and resulted in a more diverse microbiota in the ileal mucosa when compared with PC and NC groups. Furthermore, microorganisms that have pathogenic properties such as Helicobacter and Desulfovibrio were found significantly reduced when compared between NC and NC + FOS groups in the ileal mucosa. Lachnospiraceae (f) was greater in the ileal mucosa than that in the digesta, particularly among the NC + FOS dietary group. Overall, supplementing FOS in broiler chicken diets may be able to modulate gut microbiota in favor of chicken health, which in turn, can be used as an alternative method to replace antibiotic growth promoters (AGPs). Future investigation on the mechanism of FOS and other prebiotic products as dietary supplements is warranted.
INTRODUCTION
In the poultry industry, antibiotics have been supplemented in feed for sub-therapeutic use for the past 60 years. They act as growth promoters to improve growth performance, feed efficiency and production uniformity of the chickens (Rosen, 2007; Singh et al., 2008) . Evidence showed that antibiotic growth promoters (AGPs) could interact with intestinal microbiota of the animals and act by modifying the gut bacterial composition (Dibner and Richards, 2005) . The study of Coates et al. (1963) have discovered that AGPs has no beneficial effects on the performance of germ-free birds, thus, favorable and direct effects of AGPs are attributed to antimicrobial activity that suppress the competition between the host and its intestinal microbes (Dibner and C Richards, 2005) . However, indiscriminate use of antibiotics may lead to the emergence of antibiotic resistant microorganisms, and the genes may further transfer to foodborne pathogens such as Salmonella and Campylobacter, resulted in greater risk of foodborne illness (Van Immerseel et al., 2009; Gaggìa et al., 2010) . Finding alternative dietary supplements that perform the same dietary functions as antibiotics will be beneficial and essential for the broiler production.
Fructooligosaccharides (FOS) are one of the common types of prebiotics, which consist of short-chain and non-digestible carbohydrates (Świ atkiewicz and Arczewska-wlosek, 2012) . Previous studies with broiler chickens have shown that dietary supplementation of FOS can improve growth performance (Ammerman et al., 1988; Bailey et al., 1991; Yusrizal and Chen, 2003) , enhance innate and acquired immune response (Khodambashi Emami et al., 2012) , improve intestinal mucosa structures (Xu et al., 2003) and positively change the gut microbiota (Bailey et al., 1991; 3622 Xu et al., 2003; Yusrizal and Chen, 2003; Kim et al., 2011a) . Dietary FOS may stimulate gut fermentation of beneficial bacteria such as bifidobacteria and lactobacilli and limit the colonization of pathogenic bacteria such as Salmonella spp. and Escherichia coli (Bogus lawska-Tryk et al., 2012) , thereby improving the overall health of the birds.
The gastrointestinal microbiota plays an important role in nutrition, immunity and physiological systems of the chickens (Zhao et al. 2013; Oakley et al. 2014) . Changes in the gut microbiota may affect feed efficiency along with the health and disease status of the birds (Gaskins et al., 2002; Jeurissen et al., 2002; Kohl, 2012) . The gastrointestinal microbiota can be divided into two sub-classes: the luminal microbiota and the mucosalattached microbiota. The composition of luminal microbiota can be influenced by the available nutrients, the feed passage rate and the effects of antimicrobial substances. To date, only a few studies have been conducted in vivo to examine dietary FOS supplementation as an antibiotic alternative on modification of gut microbiota. Research using high through-put sequencing (HTS) on the effects of AGPs and prebiotics in chicken ileal mucosal-attached and luminal microbiota has not been reported in the literature. The hypothesis of this study was that the FOS-supplementation in the feed would beneficially shift ileal microbiota compared to diets supplemented with or without AGPs. The objectives of this study were to investigate the changes in ileal mucosal-attached and luminal microbiota of broiler chickens using dietary FOS supplementation.
MATERIALS AND METHODS
The experimental protocol for this study was approved by the University of Manitoba Animal Care Protocol Management and Review Committee, and birds were handled in accordance with the guidelines established by the Canadian Council on Animal Care (CCAC, 1993) .
Experimental Design and Sample Collection
A total of 180, 1-d-old, male Ross × Ross 308 broiler chicks were obtained from a commercial hatchery (Carltons Hatchery, Grunthal, MB, Canada). The chicks were housed in electrically heated Petersime battery brooders (Petersime Incubator Company, Gettysburg, OH) for 21d. The temperature was monitored daily and was gradually reduced from 32
• C to 24
• C from d1 to 21. Light was provided for 24 h throughout the experimental period. The birds were randomly assigned to three dietary groups (6 replicate cages of 5 birds each) and were fed for 21d. The three dietary treatments included 1) positive control (PC), a wheat-corn-soybean based diet containing antibiotics (virginiamycin and monensin); negative control (NC), as wheat-corn-soybean based diet without antibiotics; and NC + FOS, as NC diet supplemented 0.5% of FOS (Nutraflora R P-95; Ingredion, Etobicoke, ON, Canada). Compositions of the dietary treatments are shown in Supplementary  Table S1 . Water and feed were allowed ad libitum. The basal diet was formulated to meet or exceed the National Research Council nutrient requirements for broiler chickens (NRC, 1994) .
The body weight gain (BWG) and feed intake (FI) for each pen were recorded on d 7, 14 and 21. The feed conversion ratio (FCR) was calculated as g feed/g gain. Mortality rates were recorded on a daily basis. Body weight gain, FI and FCR were corrected for mortality and were calculated for d 1-7, d 8-14, d 15-21 and the entire experimental period. On d21, birds were euthanized by cervical dislocation, and ileal mucosa and digesta were collected in sterile bags and snap frozen in liquid nitrogen at −80
• C for DNA extraction.
Microbial Genomic DNA Extraction and Quality Check
The archived ileal tissue and digesta samples were thawed and ileal digesta (200 mg) and ileal mucosa (100 mg; scraped from the ileal wall) were used for microbial genomic DNA extraction, using ZR Fecal DNA MiniPrep and ZR Tissue & Insect DNA MiniPrep kits (ZYMO Research, Irvine, CA), respectively. A bead-beating step for the mechanical lysis of the microbial cells was included by using a Mini-BeadBeater-16 homogenizer (Bio Spec Products, Bartlesville, OK) at 3450 oscillations/min for about 5 min. DNA was then quantified using a NanoDrop 2000 spectrophotometer (NanoDrop, Wilmington, DE, USA). DNA samples were normalized to 20 ng/μL, and quality was checked by PCR amplification of the 16S rRNA gene using universal primers 27F (5 -GAAGAGTTTGATCATGGCTCAG-3 ) and 342R (5 -CTGCTGCCTCCCGTAG-3 ) as described by Khafipour et al. (2009) . Amplicons were verified by agarose gel electrophoresis (1.5% agarose).
Library Construction and Illumina Sequencing
The V4 region of 16S rRNA gene was targeted for library construction using modified F515/R806 primers (Caporaso et al., 2012; . The reverse PCR primer was indexed with 12-base Golay barcodes allowing for multiplexing of samples. PCR reactions were performed in duplicates as described by Wang et al. 2016 ). Amplicons were then purified using ZR-96 DNA Clean-up Kit TM (ZYMO Research, Irvine, CA) and V4 library was then generated by pooling 200 ng of each sample and quantified by Picogreen dsDNA (Invitrogen, Life Technologies, Grand Island, NY). This was followed by multiple dilution steps using pre-chilled hybridization buffer (HT1; Illumina, San Diego, CA, USA) to bring the pooled amplicons to a final concentration of 5 pM, measured by an Qubit R 2.0 Fluorometer (Life technologies, Burlington, ON, Canada). Finally, 15% of PhiX control library was spiked into the amplicon pool to improve the unbalanced and biased base composition, a known characteristic of low diversity 16S rRNA libraries.
Customized sequencing primers for read 1(5 -TATGGTAATTGTGTGCCAGCMGCCGCGGTAA-3 ), read 2 (5 -AGTCAGTCAGCCGGACTACHVGG GTWTCTAAT-3 ) and index read (5 -ATTAGAWA CCCBDGTAGTCCGGCTGACTGACT-3 ) were synthesized and purified by polyacrylamide gel electrophoresis (Integrated DNA Technologies, Coralville, IA) and added to the MiSeq Reagent Kit V2 (300-cycle) (Illumina, San Diego, CA). The 150 bp paired-end sequencing reaction was performed on a MiSeq platform (Illumina, San Diego, CA) at the Gut Microbiome and Large Animal Biosecurity Laboratories, Department of Animal Science, University of Manitoba, Canada.
Bioinformatics Analyses
Bioinformatic analyses were performed as described by . In brief, the PANDAseq assembler (Masella et al., 2012) was used to merge overlapping paired-end Illumina fastq files. All the sequences with mismatches or ambiguous calls in the overlapping region were discarded. The output fastq file was then analyzed by downstream computational pipelines of the open source software package Quantitative Insights into Microbial Ecology (QIIME, Caporaso et al., 2010b) . Assembled reads were demultiplexed according to the barcode sequences and exposed to additional quality-filters so that reads with more than 3 consecutive bases with quality scores below 1e-5 were truncated, and those with a read length shorter than 75 bases were removed from the downstream analysis. Chimeric reads were filtered using UCHIME (Edgar et al., 2011) and sequences were assigned to Operational Taxonomic Units (OTU) using the QIIME implementation of UCLUST (Edgar, 2010) at 97% pairwise identity threshold. Taxonomies were assigned to the representative sequence of each OTU using RDP classifier (Wang et al., 2007) and aligned with the Greengenes Core reference database (DeSantis et al., 2006) using PyNAST algorithms (Caporaso et al., 2010a) . The OTUs that classified to kingdom Archaea were removed from downstream analysis. Venn diagrams (VENNY; Oliveros, 2007) were produced based on classified and unclassified genera obtained from the Greengenes Core reference database, demonstrating the number of shared and unique genera across the PC, NC and NC + FOS dietary treatments.
Within community diversity (α-diversity) was calculated based on OTU counts using QIIME to evaluate the biodiversity of the bacterial population at the genus level. Alpha rarefaction curve was generated using Chao 1 estimator of species richness (Chao, 1984) with 6 sampling repetitions at each sampling depth. An even depth of 18,585 and 20,820 sequences per sample for ileal mucosa and ileal digesta, respectively, was used for calculation of Shannon and Simpson diversity indices.
To compare microbial composition between samples and among different dietary treatments, β-diversity was measured by calculating the weighted and unweighted Unifrac distances (Lozupone and Knight, 2005) using QIIME default scripts. Principal coordinate analysis (PCoA) was applied on resulting distance matrices to generate two-dimensional plots using PRIMER v6 software (Warwick and Clarke, 2006, PRIMER-E Ltd, Plymouth) . Permutational multivariate analysis of variance (PERMANOVA) (Li et al., 2012 ) was used to calculate P-values and test for significant differences of β-diversity among treatment groups.
Statistical Analysis
Alpha-biodiversity, major phylum and genus percentage data from the microbiome sequencing were also analyzed using the two-way ANOVA of GLM procedure of SAS 9.2, based on the dietary treatments and the two ileal samples (mucosa and digesta). All phyla were divided into two groups of abundance, above 1% of the population, and low-abundance, below 1% of the population. Differences between groups were considered significant at P < 0.05, and trends were considered at P < 0.10. Outliers were examined and removed using Grubbs' test at α < 0.05 (Grubbs, 1969) .
Statistical analyses for microbial sequences were performed as described by Li et al. (2012) and . In brief, partial least square discriminant analysis (PLS-DA; SIMCA P+ 13.0, Umetrics, Umea, Sweden) was performed on bacterial genera to identify the effects of dietary treatments. The PLS-DA is a case of partial least square regression analysis in which Y is a set of variables describing the categories of a predictor variable on X (Pérez- Enciso and Tenenhaus, 2003) . In this study, X variables were bacterial taxa and Y variables were observations that belong to different dietary groups (PC, NC or NC + FOS). For this analysis, genera which have a population lower than 0.002% were trimmed and data were scaled using Unit Variance in SIMCA. Cross-validation was performed to determine the number of significant PLS components and a permutation testing was conducted to validate the model. To avoid over parameterization of the model, variable influence on projection value (VIP) was estimated for each genus and genera with VIP < 0.50 were removed from the final model (Pérez-Enciso and Tenenhaus, 2003; Verhulst et al., 2011) . R 2 estimate was used to evaluate the goodness of fit and Q 2 estimate was used to evaluate the predictive value of the model. The PLS-regression coefficients were used to identify genera that were most characteristics of each treatment group and the results were visualized by PLS-DA loading scatter plots.
RESULTS

Growth Performance
The growth performance parameters including FI, BWG, FCR and mortality during 1 to 7 d, 8 to 14 d, 15 to 21 d and the entire experimental period among three dietary treatments did not exhibit any statistical difference (P > 0.05) (Supplementary Table S2 ).
Sequencing Information
A total of 1,121,616 sequences were obtained after quality filtering and chimeras checking. The minimum, mean and maximum sequence reads were 18,585, 31,156, and 47,929, respectively, across all the ileal samples. One ileal mucosa sample from each NC and NC + FOS was identified as outlier, and was omitted for downstream microbial diversity and composition analyses.
Ileal Microbiota α-and ß-Diversity Analyses
Alpha-diversity indices did not change (P > 0.05) in response to dietary treatments, ileal samples or ileal samples × diet interaction (Table 1) . Although, the rarefaction plot of Chao 1 (not shown) showed that NC + FOS group numerically has higher operational taxonomic units (OTUs) and species richness in the ileal mucosa, followed by PC and NC groups. The rarefaction plot of the ileal digesta (not shown) showed that the NC and NC + FOS groups have higher number of OTUs than the PC group. The Principal coordinate analysis (PCoA) plots (Figures 1 and 2 ) analyzed using Permanova for both Unifrac unweighted and weighted ß-diversity demonstrated no difference (P > 0.05) in ileal mucosa and digesta samples in each dietary group, respectively. However, the unweighted Unifrac analysis of ileal mucosa ( Figure 1A ) displayed a tendency (P = 0.09) of showing the distance on microbial community between PC and NC + FOS groups.
Taxonomic Composition of Bacterial Community
Taxonomic assignment of OTUs identified 12 phyla in the ileal mucosa and 11 phyla in the ileal digesta of broiler chickens. Seven phyla with relative abundance greater than 0.1% are presented in Table 2 . The relative abundance of these phyla did not differ (P > 0.05) between the ileal mucosa and digesta. Across all samples, three phyla were abundant: Firmicutes (37-45%), Proteobacteria (27-35%) and Bacteroidetes (25%), irrespective of ileal location. Broiler chickens that were fed PC diet had a higher percentage of Deferribacteres (P = 0.06) compared to NC and NC + FOS fed groups in both ileal mucosa and digesta. However, no dietary or ileal samples × diet interaction was observed in other bacterial phyla (P > 0.05). At the lower taxonomical level and across all samples, 161 bacterial genera were observed in the ileal mucosa and 113 bacterial genera were determined in the ileal digesta of broiler chickens. Among them, 95 genera were shared between ileal mucosa and digesta, whereas 66 and 18 genera were unique to the mucosa or digesta, respectively. The percent composition of the ileal bacterial community was highly variable. The relative abundance ( Table 3 ) data indicated that Lachnospiraceae (f) was greater in the ileal mucosa than in the digesta (P = 0.0349), especially in the NC + FOS dietary group. The dietary treatments tended (P = 0.0561) to alter the abundance of microorganisms that has pathogenic properties, such as Desulfovibrio and Helicobacter, especially between the chickens that were fed NC and NC + FOS. When comparing the genera in the ileal mucosa alone, NC group had greater amount (P < 0.05) of Helicobacter and Desulfovibrio when compared with NC + FOS.
Dietary Effects on Ileal Mucosa Microbiota In the ileal mucosa of broiler chickens, there were 64 bacterial taxa shared across the three dietary treatments (PC, NC and NC + FOS; Supplementary Figure S1 ). Fifty-one genera were unique to NC + FOS group (e.g., Enhydrobacter, Erwinia, Gordonia, Hylemonella, Janthinobacterium and Shewanella). Fifteen (e.g., Alicyclobacillus, Butyrivibrio, Escherichia, Paludibacter, Paracoccus, Pedobacter, Pseudomonas and Staphylococcus) and nine (e.g., Akkermansia, Clostridium, Coprococcus, Delftia and Flavobacterium) genera were shared with PC or NC group, respectively. The PLS-DA (at cut-off VIP value of 0.5) of the PC and NC + FOS dietary groups has R 2 = 0.99 and Q 2 = 0.80, based on 3 components (Supplementary Figure S2) , which predicted a distinct distance on ileal mucosa 
Dietary Effects on Ileal Digesta Microbiota
In the ileal digesta of broiler chickens, 64 bacterial taxa were shared among the three dietary treatments as shown on the Venn diagram ( Supplementary Figure S4) . Twelve genera such as Bacillus, Corynebacterium, Enhydrobacter, Hylemonella, Psychrobacter and 5-7N15 were unique to the NC + FOS group. Five genera were shared with PC and NC + FOS, and 6 genera were shared between NC and NC + FOS. The PLS-DA comparison (at cut-off VIP value of 0.5) between PC and NC + FOS groups in the ileal digesta of broiler chickens ( Figure 5 and Supplementary Figure S5 ) showed that Helicobacter, Desulfovibrio, Peptostreptococcaceae (f), Rikenellaceae (f), RF32 (o) and Proteobacteria (p) were positively associated with PC, whereas Adlercreutzia, Paraprevotella, Coriobacteriaceae (f), Erysipelotrichaceae (f), Ruminococcaceae (f), S24-7 (f), Bacteroides (o), Betaproteobacteria (c) and Bacteroidetes (p) were correlated to NC + FOS group (R 2 = 0.96 and Q 2 = 0.36). Figure 6 and Supplementary Figure S6 
DISCUSSION
In the present study, we have applied Illumina MiSeq sequencing to evaluate the effect of FOS supplementation on mucosal-attached and luminal microbiota in the ileum of broiler chickens. The most abundant phyla Firmicutes, Proteobacteria and Bacteroidetes that have been observed in our study agreed with the findings of Wei et al. (2013) and Torok et al. (2011) , where these three phyla accounted for >90% of all the sequences. These three dominate phyla have also been reported in duodenum, cecum and feces of the chickens using HTS technology (Yan et al., 2017) . Gong et al. (2002) compared the bacterial population in the mucosa and lumen of ileum from 10 broiler chickens by using T-RFLP. Two distinct cloned bacterial sequences with significant level of polymorphism were observed in the ileal mucosa, thus differences may exist between the two ileal sites (Gong et al., 2002) . In our study, 66 and 18 genera were found unique to ileal mucosa and digesta, respectively. However, no statistical significance (P > 0.05) was observed on the diversity indices (Shannon and Simpson), observed species or OTUs (chao1) between the two ileal sites. The diversity indices elucidate both richness and evenness of an ecological community and represent the uncertainty of species identities within a sample. Communities with greater abundance of genera and higher evenness would result in greater uncertainty to estimate the next genera sampled (Hill et al., 2003; Pedroso et al., 2013) . It is possible that some rare genera existed in small population or only affiliated to individual samples from our results.
Very few studies have investigated the ileum mucosal-attached microbiota of the chickens. Gong et al. (2002) described that the predominant bacteria in the ileal mucosa of broiler chickens are gram-positive bacteria with low G + C content such as lactobacilli, butyrate-producing and Enterococcus cecorum-related bacteria. Our sequencing results showed that a total of 161 bacterial genera were identifiable in the ileal mucosa, in which members of Lachnospiraceae (f) in Firmicutes, Desulfovibrio and Helicobacter in Proteobacteria, S24-7 (f) in Bacteroidetes were the most abundant bacteria. Furthermore, the relative abundance of Lachnospiraceae (f) was significantly greater in the ileal mucosa than the digesta. The Lachnospiraceae (class Clostridia) has been found rich in the digestive tract of many animals (Meehan and Beiko, 2014) . Members of this family can produce SCFA such as butyric acid, which can provide energy for the growth of other gut microbes and promote the development of the host epithelial cell (Liu et al., 1999; Yeoman et al., 2012; Meehan and Beiko, 2014) . The SCFA butyrate has also been shown to have beneficial effects such as inhibiting acid-sensitive pathogens by lowering the pH, improving growth performance and increasing carcass quality in chickens (Panda et al., 2009; Yan et al., 2017) . The abundance of Lachnospiraceae (f) in the ileal mucosa may indicate that the associated species are more capable of attaching to the luminal wall of the intestine, and may interact closely with the gut of the broiler chickens. Desulfovibrio are also ubiquitous microorganisms found in nature (Goldstein et al., 2003) . They are a group of sulfate-reducing, anaerobic bacteria with over 30 proposed species, some of which may induce asymptomatic infections in the human gastrointestinal (GI) tract, or may act as opportunistic pathogens (Goldstein et al., 2003) . It is also interesting to observe a relatively high amount of Helicobacter from a healthy broiler flock in the present study. The genus Helicobacter contains more than 20 species of gram-negative bacteria that share the feature of a sheathed flagellum and has been isolated from intestinal mucus lining or contents of many animals, especially rodent and bird species (Gibson et al., 1999; Robertson et al., 2005) . Helicobacter pullorum has been reported to be widely found in the intestinal tract of asymptomatic poultry (Young et al., 2000) . Oakley et al. (2013 Oakley et al. ( , 2014 compared genera common to litter, fecal, and carcass samples, and summarized several putative pathogens that may have important implications for poultry production, including: Ruminococcus, Clostridium, Oscillibacter. Helicobacter, Campylobacter, Escherichia/Enterobacter, Shigella/Escherichia, Alkaliphilus/Clostridium XI, Enterococcus, Staphylococcus, etc. Some of these pathogenic organisms are also observed in our study, with higher associations to the NC group.
Several studies have focused on the bacterial community in the ileal contents of the chicken. Lu et al. (2003) evaluated the bacterial community in the ileal contents by examining the 16S rDNA clone libraries and stated that the major bacteria are Lactobacillus (70%), Clostridiaceae (11%), Streptococcus (6.5%) and Enterococcus (6.5%). Similarly, Dumonceaux et al. (2006) observed that the predominant sequences were lactobacilli, L. crispatus and L. salivarious, from the proximal ileum of broiler chickens. In addition to Lactobacillus, Van der et al. (2013) also reported that Streptococcaceae, Enterococcaceae, Staphylococcaceae, Enterobacteriaceae, Clostridiaceae, Coriobacteriaceae, Peptostreptococcaceae and Micrococcaceae were found in lower ratios in the chicken ileum. Our results showed that the relative abundance of Helicobacter, Desulfovibrio, Lachnospiraceae (f), S24-7 (f), Oscillospira, Bacteroides, Allobaculum were > 5%, Rikenellaceae (f), Bacteroidales (o), Ruminococcaceae (f), Ruminococcus, Mucispirillum, Clostridia (c), Erysipelotrichaceae (f), Odoribacter were >1%, and Lactobacillus, Parabacteroides, Clostridiales (o) were > 0.5% in the ileal digesta samples. Although the high throughput sequencing technology was mainly used for microbial qualification and the relative abundance was not comparable to that of the clone libraries, the ileal bacterial composition was quite distinct from previous studies.
Many studies have reported that the chicken small intestinal microbiota is extremely diverse and can be influenced by several factors especially the age of the birds, the diet and the surrounding environment (Knarreborg et al., 2002; Lu et al., 2003; Apajalahti et al., 2004; Rehman et al., 2007; Danzeisen et al., 2011; Torok et al., 2011; Yeoman et al., 2012; Ballou et al., 2016) . Differences between the breed of chickens, analytical methods, animal research facilities, geographical locations and farm/research personnel can account for the variations observed from experiment to experiment (Waite and Taylor, 2014) . Van der Wielen et al. (2002) have stated that every chicken has its unique dominant intestinal bacterial community, which supported the high variations observed from our individual samples. The composition of the GI bacterial community is constantly changing due to the settlement and replacement of more stable and dominate bacterial species as the bird ages (Lu et al., 2003) . Lee et al. (2002) and Lu et al. (2003) reported that the GI tract of chicken at 3 days of age is populated with L. delbrueckii, C. perfringens and Campylobacter coli, whereas from 7 to 21 days of age, dominated by L. acidophilus, Enterococcus and Streptococcus. Environmental factors such as the type of drinkers (nipple vs. puddle drinker), the water sources, the cleanliness of the feeders and the age of litter may have affect the bacterial diversity observed in our study. Ballou et al. (2016) examined the development of chicken cecal microbiome using HTS technology and reported that during d 1-3, the microbiome is primarily Enterobacteriaceae, by d 7 Firmicutes increase in abundance and taxonomic diversity. The taxonomic difference became more distinct start from d 14 and can be influenced by treatments. Pedroso et al. (2013) reported that the abundance of pathogenic Clostridium spp. increases as the litter ages. In addition, feed processing methods, feed ingredients and feed additives also influence on the gut microbiota . For example, corn favors low % G + C clostridia, enterococci and lactobacilli, whereas wheat favors higher % G + C bifidobacteria (Apajalahti et al., 2004) . It would be necessary to examine and consider the bacterial communities in the surrounding environment as a reference. The present study showed that the diets tend to alter the abundance of phylum Deferribacters between PC and NC + FOS groups. Deferribacterales (o) and Mucispirillum were found under Deferribacters (p). Deferribacteres (o) are iron-reducing bacteria, which have been isolated from water samples and could be involved in detoxification or bioremediation of the minerals in the environment from being utilized as a food source by the host (Zbinden and Cambon-Bonavita, 2003) . Mucispirillum is a mucosaassociated spiral-shaped bacterium that has been isolated from mammals (e.g., rodents), and it may behave in a similar way to Helicobacter (Robertson et al., 2005) . However, little is known about this genus, and our study has documented that it also colonizes the intestine of avian species. Waite and Taylor (2014) reported that the microbiota of chickens showed similar composition at the phylum level as of the mammals.
Several biochemistry-and culture-based studies have shown that dietary FOS supplementation has the capability of enhancing gut fermentation, increasing SCFA production and stimulating the growth of beneficial bacteria such as bifidobacteria and lactobacilli, while limiting the growth of pathogenic bacteria such as Salmonella spp., Clostridia perfringens and Escherichia coli in broiler chickens (Flickinger et al., 2003; Xu et al., 2003; Kim et al., 2011a; Choi et al., 2015; Pourabedin and Zhao, 2015) . However, Fukata et al. (1999) and Biggs et al., (2007) reported that 0.1% and 0.4% of FOS supplementation had no significant effect on cecal Bifidobacterium, Lactobacillius, Clostridium perfringens, or Escherichia coli populations in 21-d-old broiler chickens. In this study, the overall abundance of bifidobacterium and lactobacilli were at lower rates. Reduced abundance of Helicobacter and Desulfovibrio in the ileal mucosa of NC + FOS fed chickens was observed, when compared with the PC and NC fed groups. This observation indicated that other bacteria such as Lachnospiraceae (f), Bacteroidaceae (f), Coriobacteriaceae (f) and Sutterella (as shown in the PLS-DA analyses) may have the ability of producing higher level of SCFA and competitive exclusion of unfavorable microorganisms such as Helicobacter that have pathogenic properties. For instance, Erysipelotrichaceae (f) and Coriobacteriaceae (f) are related to the lipid and cholesterol metabolism of the host, where an altered cholesterol excretion may shift the gut microbiota through antimicrobial actions (Martinez et al., 2013) .
The FOS supplementation resulted in an increase in the number of unique genera (51 vs. 10 and 5, respectively) and a more diverse microbiota (139 vs. 96 and 85, respectively) in the ileal mucosa compared with PC and NC groups. Relative (P = 0.091) distinguished microbial communities which were measured by unweighted Unifrac analysis may explain the diversity that have been observed between the dietary groups. Unweighted Unifrac algorithm compares the phylogenetic distance between bacterial communities with all OTUs considered at equal abundance, which is useful for examining the occurrence of rare species (Lozupone and Knight, 2005) . The colonization of relatively unique bacteria (that specifically found in NC + FOS group) such as Akkermansia (mucindegrading bacteria), Janthinobacterium (anti-bacterial and anti-fungus compounds producing bacteria), Shewanella (electron-accepting bacteria that can couple the decomposition of organic matter for carbon cycling), Butyrivibrio (butyrate producing bacteria), Coprococcus (butyrate producing bacteria) and Paludibacter (propionate-producing bacteria) may be promoted by FOS supplementation, suggesting that these bacteria exist in small amount on the epithelial wall of the ileum and benefit the host and other bacteria by enhancing gut immunity and increasing mucosal absorption area (Bryant and Small, 1956; Pryde et al., 2002; Ueki et al., 2006; Fredrickson et al., 2008; Everard et al., 2013; Hornung et al., 2013; Shang et al., 2015) . The functions and ecological roles of many gut associated bacteria are still unknown, further investigation is needed to better understand and characterize the microbes of chicken gut.
The composition of the intestinal microbiota is also dependent on the antibiotic supplementation (Knarreborg et al., 2002) . A T-RFLP analysis by Lu et al. (2008) revealed that antibiotic supplementation (bacitracin/virginiamycin or monensin) reduced ileal bacteria diversity by supressing lactobacilli while inducing intestinal Clostridia in all ages of broiler chickens. Knarreborg et al. (2002) also reported that the total Lactobacillus and C. perfringens population were affected by dietary antibiotic supplementation in the ileal content of broiler chickens. Similarly, Danzeisen et al. (2011) investigated the cecal microbiota of chicken in response to antibiotic growth promoters along with anticoccidial by using pyrosequencing. The result showed that the population of Roseburia, Lactobacillus and Enterococcus were reduced whereas Coprococcus and Anaerofilum were increased in the presence of monensin, and an enrichment of Escherichia coli was seen in treatments that combined monensin with virginiamycin or tylosin. On the contrary, Singh et al. (2013) evaluated the influence of penicillin as a growth promoter and observed an increased Firmicutes and a decreased Bacteroidetes in chicken ceca, when comparing the penicillin supplemented group with the control. Although no statistical significance on the relative bacterial abundance or diversity indices was obtained in ileal digesta microbiota from the current study, the rarefaction curve showed that numerically the PC group had about 500 OTUs and 300 observed species less than that of NC and NC + FOS, which agrees with Gaskins et al. (2002) , Dibner and Richards (2005) and Kim et al. (2011a) that antibiotic treatment decreased the richness of the total microbial population. The PLS-DA diagrams demonstrated shifts in several bacteria between PC, NC and NC + FOS dietary groups. However, it is equally important to understand whether these changes have biological meaning for the modulation of gut microbiota or on the overall health of the host. Thus, further and indepth analyses such as functional shotgun metagenomic sequencing, as well as multiple experiments under different stressors are warranted to answer these questions. Overall, dietary FOS supplementation played protective roles towards the ileal microbiota of the broiler chickens, without impairing their growth performance. Supplementing FOS in broiler chicken diets may stand as an alternative method to replace AGPs.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Figure S5 . Partial least square discriminant analysis (PLS-DA) score scatter plot of the ileal digesta microbiota between broiler chickens that fed PC and NC + FOS diets (n = 6/treatment). The R 2 ( = 0.96) and Q 2 ( = 0.36) estimates were calculated based on 3 components. Supplementary Figure S6 . Partial least square discriminant analysis (PLS-DA) score scatter plot of the ileal digesta microbiota between broiler chickens that fed NC and NC + FOS diets (n = 6/treatment). The R 2 ( = 0.96) and Q 2 ( = 0.16) estimates were calculated based on 3 components. Supplementary Table S1 . Composition of experimental diets (as-fed basis). Supplementary Table S2 . Feed intake, body weight gain, feed conversion ratio (FCR), and mortality of broiler chickens fed experimental diets for 21 days.
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